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Scientific Goals:

The fundamental scientific goal of our research is to use ARM observations at the SGP
and TWP sites to understand cloud properties and use these and other properties to address
pressing issues in the evaluation and development of convection and cloud parameterizations in
GCMs. Toward this goal, we use the following research tools that we have developed: 1) 3-D
multi-spectral Monte Carlo radiative transfer model, 2) convective parameterization scheme in
the NCAR CCM3, 3) satellite retrieval scheme and 4) Lagrangian cloud classification algorithm.
The objectives of our research are:

1 Evaluate and improve GCM treatments of convection and clouds using ARM SGP
observations.
2. Understand cloud and aerosol radiative interactions over ARM sites and its implications

to GCM parameterization.

Specific Accomplishments:

 Marked improvement of the convective parameterization in the NCAR CCM3 using the
ARM IOP observations at the SGP site.

» Developed and tested a new cirrus cloud parameterization in the NCAR CCM 3.

* Determined 3-D solar radiative heating rates in clouds over the TWP, their dominant factors,
and identified GCM biases in heating rates.

* To help put the ARM TWP site observations in large-scale perspective, we determined the
heat balance in the warm pool atmosphere.

» Validated the databases of spectroscopic line parameters and the extraterrestrial solar source
function at 1 cm™ resolution from 0.4 to 1.11 um.

» Developed two complementary methods for observationally determining aerosol radiative
forcing directly from surface radiometric observations.
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Progress and Accomplishmentsduring the L ast Twelve M onths

1. GCM treatmentsof convection and cloudsusing ARM SGP observations.
a. Convective parameterization studies (Zhang)

Based on the knowledge we gained from comparing the model simulations with the
observations at the ARM SGP site, we modified the Zhang and McFarlane (1995) convection
scheme, which has been used in the standard NCAR CCM3, to improve the model simulation.
Surface observations during the Single Column Modd (SCM) IOPs at the ARM SGP site
indicate that significant precipitation occurs only when large-scale conditions are favorable. On
the other hand, the simulated precipitation in CCM3 SCM occurs too often, and is overly
dominated by the diurnal cycle, which is apparently related to the surface diurnal heating. This
problem is due to the fact that the origina Zhang-M cFarlane convection scheme uses convective
available potential energy (CAPE) to close the parameterization. Since CAPE is dominated by
the thermal properties of the near surface air, the original closure for convection over-emphasizes
the role of boundary layer air and in essence decouples convection from the large-scale forcing.
Consequently, we revised the convection scheme to couple convection to the large-scale forcing
in the free troposphere, instead of to the existing convective instability.

We tested the revised scheme in both the single column model version and the full GCM
version of CCM3. The single column model tests for both the SCM 10Ps at the ARM SGP site
as well as in the tropics show that the simulation of precipitation is now in excellent agreement
with the observations (Fig. 1). The simulated temperature and moisture fields are aso
significantly improved (Fig. 2). The full GCM simulations are performed over the TOGA
COARE period and for a 5-yr time period. Note that a well-known weakness in the standard
CCM3 is the lack of temporal variability in its climate simulation, particularly on intraseasonal
timescales such as Madden-Julian Oscillations. The model using the revised scheme simulates
the observed Madden-Julian Oscillations and the associated westerly wind bursts well. The long-
term integration of CCM3 further demonstrates that the temporal variability on intraseasond
timescales is well ssimulated. We attribute the improved ssimulation of the temporal variability to
the more faithful representation of the interaction between convection and the large-scale fields
in the revised convection scheme (Zhang 2000a,b).

b. Cirruscloud parameterization (Zurovac-Jevtic, Zhang and Ramanathan)

As an integral part of our effort to improve cloud parameterization using ARM
observations, we undertake the task to develop and test a cirrus cloud parameterization in the
CCM3. The ice water content (IWC) within the cirrus cloud is predicted using a combination of
the parameterization of ice microphysical processes with empirical relationships for the ice
crystal size spectrum. The IWC and the corresponding effective radius are then used in radiative
transfer calculations.

We have evaluated the effects of the new cirrus scheme in the NCAR CCM3 by
comparing the simulated monthly means of cirrus cover and IWC with the observations for
spring 1993 in the tropical Western Pacific. Preliminary results show that cirrus cloud cover
decreased from around 90% in the warm pool region by the standard CCM3 to around 45% at
approximately 11 km and decreased by 10-20% at 13 km. Since the standard CCM3 produces



too much high clouds, this change represents a significant improvement. The mean IWC is
increased by around 50% compared with the standard version. When the mean ice precipitation
is added to IWC the total condensate is three times higher on average and compares much better
with the in-situ observations during CEPEX. We will further test it in the CCM3 single column
model and compare with the SGP observations.

Warm Pool Energy Budget (Tian, Zhang, and Ramanathan)

A fundamental significance of the ARM TWP site is to link the warm pool radiation
budget with the total energy budget of the warm pool (WP) atmosphere. To help place the
observations from the TWP site in the large-scale perspective, we use a high-resolution analysis
dataset to study the role of the large-scale atmospheric circulation in the warm pool atmospheric
energy balance. We found that the large-scale atmospheric circulation exports about 180 Wm™
energy out of the WP atmosphere, which is equivalent to an average cooling rate of about
1.8 K/day in the whole troposphere. Thus, the large-scale heat transport is very efficient in
cooling the atmosphere compared to the radiative cooling of about 0.4 K/day (Tian et al. 2000).

2. Cloud and aerosol radiative interactions over ARM sites and its implications to GCM
parameterization.

a. 3-D Cloud Solar Heating Rates (V ogelmann, Ramanathan)

We have examined 3-D solar radiative heating rates within tropical convective-cirrus
systems within the Tropical Western Pacific to identify the scales that contribute significantly to
the spatia average over a climate model’s grid cell (i.e, its grid-mean), and determine their
relationship to the cloud field properties such as cloud-top height variation (Vogelmann et al.
1999, 2000a-d). These results are used to understand the spatia resolution and subgrid-scale
cloud property information needed in climate models to accurately simulate the grid-mean solar
heating of these systems.

The 3-D heating rates are computed by a multi-spectral Monte Carlo model for several
regional-scale cloud fields ([400 km]?) whose properties are retrieved from satellite data using an
algorithm we constructed. Our analyses have identified two key subgrid-scale features within
these systems that largely govern the grid-mean heating rates: the variability in the cloud-top
height, and the structure of the cloud edge. These features give rise to hot spots—regions of
intense local heating that occupy a small area but dominate the grid-mean value. For example
for the fields considered, 5 to 25% of the grid area can contribute 30 to 60% of the total heating
rate, respectively. Explicitly resolving the hot spots requires a model grid of about (20 km)? to
(30 km)?, which is smaller than that currently used in general circulation models (GCMs) for
weather forecasting and about a factor of 20 smaller than that used for climate studies. We show
that, unless a grid of ~(20 km)? is used, GCM-style heating rate calculations that employ a
standard cloud overlap type treatment can significantly overestimate the solar heating aloft and
underestimate it below (Fig. 3). This might enhance the vertical velocity within the cloud layer
and suppress it at cloud base. Thus, over the long-term, biases in the GCM treatments of the
vertical heating rate might have consequences to cloud evolution and feedback.



b. Validation of Atmospheric Absorption and Solar Emission (Vogelmann,
Ramanathan)

We validated the databases of spectroscopic line parameters and the extraterrestrial solar
source function using a high-resolution spectrum (1 cm™) which spans 0.4-1.11 um (Lubin et al.
2000). The transmission spectrum computed from LBLRTM was compared to that observed
using a Fourier transform infrared (FTIR) spectrometer. This intercomparison reveaed that the
Kurucz extraterrestrial solar irradiance spectrum contains 266 solar absorption features that do
not appear in the data, resulting in an excess of ~1.92 Wm™ in the model’s solar constant.
Ninety seven absorption features appear in the data that do not appear in the HITRAN-96 line
parameter database as used by LBLRTM, resulting in a model underestimate of shortwave
absorption of ~0.23 Wm™ for a solar zenith angle of 42°. The small discrepancies revealed in
this intercomparison indicate that current extraterrestrial solar irradiance models and
spectroscopic databases used by shortwave atmospheric radiative transfer models are nearly
entirely complete for the purposes of atmospheric energy balance calculations. Thus, clear or
cloudy sky excess absorption is unlikely to be related to an incomplete identification of
atmospheric absorbing gases and their spectroscopic features (at 1 cm™ resolution) for a clean
atmosphere of normal composition.

c. Aerosol Radiative Forcing (Ramanathan, Conant, V ogelmann)

In order to understand the impact of natural and anthropogenic aerosols on our climate,
we must first accurately quantify their radiative effect on the Earth’s energy balance. We have
developed two complementary methods for observationally determining aerosol radiative forcing
directly from surface radiometric observations (Conant 2000a,b; Conant and Ramanathan
2000a,b). These methods are the basis for an intercomparison that we have begun of the
radiative impact of aerosols at the surface and top of atmosphere. Our objective for the
intercomparison is to determine the variability that exists in the aerosol forcing in diverse
geographical regions, and between natural and anthropogenic sources. We derive the aerosol
forcing from observations obtained from the SGP and TWP sites, as well as from the Indian
Ocean Experiment (INDOEX). Because the forcing is a function of the surface albedo and day
length, a method must be devised that permits comparison between dissimilar locations.
Preliminary results for a first-order normalization procedure suggests that SGP forcing might be
similar to the predominately anthropogenic forcing found in INDOEX (Vogelmann et al. 2000e).
However, a more definite assessment will be possible when we have completed developing a
more robust procedure.

Planned Resear ch

First Attempt for Integration of ARM data for Clouds, Aerosols and Water Vapor for
Determination of 3-D Radiative Heating Rates (Vogelmann, Ramanathan)

We will complete the study (described earlier) that observationally determines the aerosol
radiative forcing from natural and anthropogenic sources in diverse geographical regions (SGP,
TWP, and INDOEX). Thiswork will set the stage for the next phase of the research.



The dominant emphasis within our community has been on determining the radiative
fluxes at the surface and at the top of the atmosphere. However, climate and general circulation
are driven by the heating rate profile, and it is essential that ARM start devel oping methods for
determining heating rate profiles from observations. There is no method for directly measuring
the heating rate, thus it must be determined by integrating multiple data streams/platforms with
model calculations. Fortunately, one of the unique aspects of the observations at the SGP is the
high resolution time series of the data streams (point measurements) coincident with pixel-scale
satellite products (2-D coverage). We will make the first attempt to integrate these observations
to obtain an estimate of the 3-D atmospheric state of clouds, water vapor and aerosols from
which the heating rates and their sub-grid scale variability may be computed. Specifically, we
will:

1) Integrate multi-parameter ARM datasets into estimates of the 3-D atmospheric state;
2) Usethese datafieldsto compute the 3-D heating ratesin clear and cloudy scenes,
3) Vadidate GCM parameterizations of heating rates.

The 3-D distribution of cloud, water vapor and aerosol within the area of the GCM grid
cell surrounding the SGP will be generated using ARM products that include those from the
Raman lidar, MFRSR, MWR, cloud radar, AOS, aircraft aerosol measurements, and satellite
retrievals. The solar heating rate calculations will be made at the pixel resolution using our
multi-spectral Monte Carlo model. The model calculations will be validated at the surface using
the radiometer data, and at the top of the atmosphere using Terra CERES data. These data will
provide an essential constraint on the column energy balance. The 3-D heating rates and their
variation will provide a baseline for comparison with models. Specifically, we will use these
calculations to validate the corresponding calculations by the NCAR CSM radiation code, and
we will make the fields avail able to the SCM working group for their validation purposes.
Convection and cirrug/anvil cloud parameterizations using SGP site observations (Zhang,
Zurovac-Jevtic, Ramanathan, Tian, Wilcox)

We will use the ARM data and the CCM3 single column model to test and improve
convection and cloud parameterization schemes. Our objectives are to:

1. Evaluate the parameterization of cirrus cloud ice water content and associated radiative
properties using ARM observations at the SGP site.

2. Determine the radiative forcing of the parameterized convection and cirrusg/anvil clouds, and
compare it with the observations at the SGP site.

3. Understand the role of convective detrainment of hydrometeor in determining cirrus/anvil
cover and ice water content.

To accomplish these objectives, we will first couple the revised Zhang-McFarlane
convection scheme with the cirrus parameterization scheme in the CCM3 single column model.
We will use the observed cloud fraction and ice water content from the SCM 10Ps at the SGP
site to validate the simulation of cirrus cloud and its ice water content for the IOP cases. The
contribution to cirrus/anvil ice water content from convective detrainment of hydrometeor will
be determined by considering the convective detrainment as a source for cirrus ice water
calculation. Since the parameterized ice water content is used in the radiative transfer
calculation, cirrus parameterization directly affects the radiative energy budget at the top of
atmosphere and the surface. We will determine the sensitivity of the ssmulated radiative budget
to convection and cirrus/anvil cloud parameterization and compare it with the observations at the
SGP site.
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Single Column Model Simulations over ARM SGP Site:
Impact of ARM SGP Data on GCM Convection Parameterization

SCCM Precipitation with Original ZM Convection Scheme
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Fig. 1: Simulated surface rainfall at the SGP site by NCAR CCM3 single column model

with the original convection scheme (upper panel), and the improved scheme that
wis formulated based on the ARM observations (lower panel).

Provided by Guang Zhang, Scripps Institution of Oceanography, July 2000,



Single Column Model Simulations over ARM SGP Site:
Impact of ARM SGP Data on GCM Convection Parameterization

Model minus Observed Temp (K) with Orig. ZM Scheme
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Fig. 2: Biases in the simulated temperature field at the SGP site by NCAR CCM3 single
column model with the original convection scheme (upper panel), and the improved
scheme that was formulated based on the ARM observations (lower panel). Contour
intervals are 2.5 K. Note that the biases in the upper panel are often more than 10 K
whereas those in the lower panel are mostly within £5 K.

Provided by Guang Zhang, Scripps Institution of Oceanography, July 2000,



SCALE-DEPENDENT BIASES IN
GCM COLUMN AVERAGE SOLAR HEATING RATES
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Fig. 3. Percentage difference of the grid-mean heating rates for varying GCM resolutions. Cloud
properties on a high resolution grid ([5 km]:] are systematically degraded while emploving a
standard type of GCM cloud overlap assumption. The objective is to determine the largest
scale for which the overlap treatment can simulate heating rates comparable to the reference
case. The reference case uses the full resolution of the cloud inputs (e, [5 km]z with no
horizontal averaging), and 320 km (i.e., [320 km]") represents the results for a typical GCM
treatment at T42 resolution. Results indicate that significant errors may result for grid sizes

larger than (20 km}z_

From Vogelmann et al. {(2000a)
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